The vertebrate diencephalic A11 system provides the sole dopaminergic innervation of hindbrain and spinal cord and has been implicated in modulation of locomotion and sensory processes. However, the exact contributions of sensory stimuli and motor behavior to A11 dopaminergic activity remain unclear. We recorded cellular calcium activity in four anatomically distinct posterior tubercular A11-type dopaminergic subgroups and two adjacent hypothalamic dopaminergic groups in GCaMP7a-transgenic, semirestrained zebrafish larvae. Our analyses reveal the contributions of different sensory modalities and motor states to dopaminergic activity. Each posterior tubercular and hypothalamic subgroup showed distinct activity patterns, while activity was synchronous within individual subgroups. Caudal and dorsomedial hypothalamic dopaminergic neurons are activated following vigorous tail movements and stay active for about 10 s, revealing predominantly postmotor activity. In contrast, posterior tubercular dopaminergic neurons are predominantly sensory driven, with subgroups differentially responding to different tactile or visual sensory modalities. In the anterior subgroups, neuronal response magnitudes are tuned to tactile stimulus intensities, revealing features similar to sensory systems. We identify the lateral line system as source for this tactile tuning. In contrast, the posterior subgroup is responsive to distinct moving visual stimuli. Specifically, translational forward stimuli, which may indicate insufficient rheotaxis and drift, induce dopaminergic activity, but backward or rotational stimuli not. The activation of posterior tubercular dopaminergic neurons by sensory stimuli, and their projections onto peripheral mechanosensory systems, suggests a participation of A11-type neurons in the feedback regulation of sensory systems. Together with the adjacent hypothalamic neurons, they may serve to set basic behavioral states.
In Brief
Ventral diencephalic A11-type dopaminergic neurons project widely in the CNS, but the context of their activation is not well understood. Reinig et al. show that distinct A11-type subgroups are tuned to distinct mechanosensory and visual stimuli, revealing it as a ''sensory'' dopaminergic system.
INTRODUCTION
Dopaminergic neurons constitute some of the major neuromodulatory systems in vertebrates, affecting diverse functions, including action selection, motor behavior, sensory processing, and associative learning [1] . Most research has focused on functions of midbrain and ventral tegmental area dopaminergic neurons (anatomical groups A8-A10 in mammals), due to their involvement in Parkinson's disease and addiction [2] . However, much less is known about the contributions of ventral diencephalic dopaminergic neurons of the anatomical A11 (dorsal hypothalamus and caudal thalamus) and A12/ A14 (ventral hypothalamus) groups to behavior and physiology [3] . A11 neurons have long-range projections to the telencephalon, brainstem, and spinal cord and provide the only central spinal dopaminergic innervation [4] . A11 dopaminergic function has been linked to pain modulation [5] , spinal locomotor networks [6] , and Willis-Ekbom disease/restless legs syndrome [7, 8] .
While limited accessibility makes functional analysis of mammalian hypothalamic dopaminergic neurons difficult, zebrafish larvae are small enough to enable optical access to each neuron during behavior. Zebrafish dopaminergic neurons homologous to the A11 group in mammals are located in the ventral diencephalic posterior tubercular (PT) area [9, 10] , where anatomical subgroups have been identified based on the rostro-caudal position of their somata ( Figures 1A and 7C ) [11] . The anterior PT area contains rostral and caudal dopaminergic subgroups (PTar and PTac) projecting within the hypothalamus and to the subpallium, hindbrain, and spinal cord. The posterior PT (PTp) and the tuberal hypothalamus (PTN) subgroups are located more caudally. In contrast to these far-projecting A11-type posterior tubercular neurons, the zebrafish hypothalamic dopaminergic systems predominantly project locally within the hypothalamus. A hypothalamic dorsomedial (Hdm) dopaminergic group close to the alar-basal boundary (part of paraventricular organ), and a hypothalamic caudal (Hc) dopaminergic group in the caudal basal hypothalamus can be distinguished in larvae. The correlation of the Hc and Hdm dopaminergic groups with mammalian systems is unclear; they most likely correspond to the retromammillary, mammillary, lateral hypothalamic, and A14 hypothalamic groups [3] but not to the A12 tuberoinfundibular dopaminergic system [12] . The posterior tubercular dopaminergic spinal-cord-projecting neurons in zebrafish are involved in the development of locomotor behavior [13] and sensorimotor control [14] . In anterior farprojecting dopaminergic neurons, locomotor activity was correlated with phasic, but not with tonic, activity [15] . Dopaminergic neurons may also show sensory correlated activity. For example, visual modulation of audiomotor responses is mediated by dopaminergic neurons in the caudal hypothalamus [16] . However, the contributions of sensory stimuli and motor states to dopaminergic neuron activity have not been revealed.
Here, we used calcium imaging to systematically study the recruitment of all diencephalospinal and endohypothalamic projecting dopaminergic neurons during rest and specific motor activities and investigated the effect of different sensory modalities on dopaminergic neuron activity. We found that far-projecting diencephalospinal dopaminergic neurons respond to mechanosensory and visual stimuli, with differentially tuned subgroups showing patterns specific to defined stimuli and tuned to stimulus intensity in the case of mechanosensation. In contrast, in Hc/Hdm hypothalamic dopaminergic neurons, calcium activity was most strongly correlated with vigorous motor activity. Thus, different ventral diencephalic dopaminergic subgroups contribute to distinct sensory or motor circuits.
RESULTS

Spontaneous Synchronous Activity within Dopaminergic Subgroups
To survey calcium activity patterns exclusively in dopaminergic neurons, we used the Tg(th:Gal4VP16)m1233 line [17] ( Figures  1A and 1B) , which labels several catecholaminergic groups, including long-range-projecting A11-type dopaminergic neurons (PTar, PTac, PTp, and PTN) as well as mainly locally projecting dopaminergic neurons in the hypothalamus (Hdm and Hc). We imaged the genetically encoded calcium indicator GCaMP7a [18] in the ventral diencephalon of head-mounted zebrafish larvae (4-6 days post-fertilization [dpf]). In an external-stimulusdepleted environment, spontaneous calcium activity occurred in all dopaminergic populations and differed across populations (Figures 1C and 1D ; Movie S1; see Figures S1A-S1C for the calcium event detection method). Diencephalic dopaminergic neurons are typically active for 4% to 25% of the time ( Figure S1E ), and calcium events last for a few seconds ( Figure S1D ). Far-projecting dopaminergic neurons exhibit short but synchronous activity periods (7.8 s ± 2.5 s, median ± SD; n = 302), while activity in hypothalamic Hdm and Hc dopaminergic neurons is more sustained (13.0 s ± 7.7 s; n = 520, p < 0.01; Figures 1D, S1D , and S1E). Activity in far-projecting dopaminergic neurons is sparser than in hypothalamic Hc/Hdm dopaminergic neurons (A11-type: 15.3% ± 9.5% active time periods; hypothalamic: 24% ± 15.3% active time periods; p < 0.05), with caudal activity being sparser than rostral activity (PTN, caudally located: 3.9% ± 6.7%; other A11-type: 16.1% ± 11%; p < 0.01). Within each dopaminergic subgroup, activity is synchronous ( Figures 1E-1I and S1F-S1H), and the synchronicity is strongest within the rostral far-projecting dopaminergic subgroups PTar and PTac and in the predominantly locally projecting subgroups Hdm and Hc (mean cross-correlation coefficients for intra-subgroup cell pairs: PTar, 0.54; PTac, 0.4; PTp, 0.25; PTN, 0.15; Hdm, 0.42; and Hc, 0.33). When recordings during tail motion phases were excluded from analysis, and only motion-free recordings were analyzed, we still observed a similar subgroup-specific synchronicity (data not shown), revealing that motor activity does not cause synchronicity. Interestingly, the activity of the anatomically and molecularly distinct far-projecting and locally projecting groups is less correlated (far-projecting versus Hdm/Hc: 0.08), suggesting that individual dopaminergic groups serve different functions.
Locomotor Events Are Associated with SubgroupSpecific Dopaminergic Activity Patterns Since the hindbrain and spinal cord projections of posterior tubercular dopaminergic neurons suggest a function in motor output, we next sought to understand the role of dopaminergic neurons in locomotion. We recorded spontaneous tail motion in semi-restrained, head-mounted larvae during calcium imaging and classified three frequent behaviors [19] (Figures 2F, S1I , and S2A-S2C; Movie S2). The most frequently observed behavior was struggle (70.9%, multiple vigorous or irregular tail strokes), followed by tail flip (19.4%, single tail stroke) and swimming (9.7%, tail undulation at a frequency between 20 and 40 Hz). These behaviors typically end within 500 ms after the onset of tail motion ( Figure 2B ). The relative proportions of these motor activity types varied widely across larvae and recordings (Figure S2D) . Activity of all dopaminergic subgroups correlated with locomotion ( Figures 2C-2E , 2G-2J, and S2F-S2H) and most frequently occurred after the onset of tail motion. Generally, struggle-associated population calcium activity is stronger (Figures 2C-2I ) and occurs in a higher fraction of neurons (Figure 2J ) than activity associated with swimming or tail flips.
The proportion of locomotor-correlated neurons was highest in subgroups Hc and Hdm (62% struggle-correlated neurons in Hdm), which are almost exclusively active after the onset of locomotion (referred to as ''post-motor-onset'' activity, which includes the tail motion phase within the first half second after locomotor onset, and post-motor activity; Figures 2E, 2I , and S2H). Given the short duration of the motor activity, most of the Hc and Hdm activity occurred after the motor activity had ended. In contrast, the onset of activity of up to 30% (PTar, for struggle events) of the far-projecting dopaminergic neurons (PTar and PTac) preceded the onset of locomotion (active within a 10-or 25-s time window before tail motion onset; referred to as ''pre-motor-onset'' activity; Figures 2C, 2G , 2J, and S2F). PTp and PTN activity was least correlated with locomotion ( Figures 2D, 2H , 2J, and S2G). In summary, we conclude that diencephalic dopaminergic neurons show distinct patterns of neurons in PTar and PTac show synchronous activity (E and F), whereas PTar activity is only weakly correlated with activity in local Hdm dopaminergic neurons (G). Within Hdm, neural activity is synchronous (H). corr., correlation. (I) Mean correlation coefficients of all cell pairs within and across dopaminergic subgroups. The activity is only weakly correlated (blue) between far-projecting (PTar and PTac) and local hypothalamic groups (Hc and Hdm), while activity within the respective projection-type groups is synchronous (green to red). See also Figure S1 and Movie S1. (legend continued on next page) motor-correlated activity. Dopaminergic activity is more prominent during and after vigorous tail motion (flip and struggle) than during swim events. Far-projecting posterior tubercular dopaminergic neurons are frequently active before and after the onset of locomotion, while Hdm/Hc neurons are predominantly active directly after locomotion.
Far-Projecting Dopaminergic Neurons Respond to Mechanosensory Stimuli
To investigate whether dopaminergic activity is also related to mechanosensory cues, we applied two tactile stimulus types using a piezo-actuator-driven platinum wire (Figures 3A and 3B; Movies S3 and S4): (1) ''Step,'' in which the wire moved at maximal speed and then stayed on the larval head for a defined period of time; and (2) ''Ramp,'' in which the wire approached the larval head at defined slower speeds and then immediately moved back at the same speeds. Most dopaminergic neurons responded to the applied tactile stimuli, except for PTN neurons ( Figures 3C-3O ). The vast majority of neurons in the far-projecting dopaminergic subgroups (PTar, PTac, and PTp) preferentially responded to the Ramp stimulus, while Hc/Hdm dopaminergic subgroups predominantly responded to the Step stimulus. As in the case for the synchronicity of activity ( Figure 1I ), a rostro-caudal gradient was also observed regarding the preference for Ramp stimuli (rostral neurons) versus Step stimuli (caudal neurons; Figure 3P ).
To disambiguate the contributions of locomotion and mechanosensation, we investigated the behavioral responses evoked by tactile stimuli. Struggle movements were the most common behavioral response to both Step and Ramp stimulation ( Figures  4A and 4B ). During Ramp stimulation at low speeds, larvae did not respond in about half of the trials and sometimes showed swim or tail flip movements.
Step stimulation almost always evoked a locomotor response (95.3%).
In locomotion-free Ramp stimulation trials, the far-projecting dopaminergic neurons in PTar and PTac still responded, indicating that the neural responses may, indeed, be of a mechanosensory nature ( Figures 4C, 4D , 4G, and S4J). We observed two effects: velocity tuning and locomotor dependence of activity. With respect to the latter, the responses in locomotion-free trials were stronger than the responses in trials with locomotion, indicating that certain locomotor events may be associated with activity suppression in PTar and PTac neurons ( Figures 4D, 4G , S4J, and S5A). In contrast, the Ramp stimulus-associated activity in Hc/Hdm dopaminergic neurons was significantly increased when the animal moved its tail ( Figures 4F, 4I , S4L, and S5C), indicating that the responses of Hc/Hdm are much more strongly related to locomotion than to mechanosensation. We tested two different stimulus locations on the head (frontal and lateral; Figures S3A and S3B). No significant differences between both stimuli sites could be observed in rostral far-projecting PTar and PTac dopaminergic neurons. Differences were only observed in the amplitudes of calcium activity in Hdm, Hc, and PTp neurons that could be explained, in part, by the different locomotor rates for each stimulus location ( Figures S3C-S3J ).
In summary, we found that tactile stimuli drive PT dopaminergic neuron activity. The slow Ramp stimuli clearly elicit stronger activity in far-projecting neurons than the fast Step stimuli. This sensory dopaminergic activity in PTar and PTac occurs while the animal keeps still, and it is partially suppressed during behavioral responses, indicating that far-projecting dopaminergic neurons have pure mechanosensory neuronal activity. In contrast, dopaminergic activity in Hc/Hdm neurons is weak during sensory stimulation and is, instead, mainly associated with locomotion. To test whether the observed touch-evoked activity is specific to dopaminergic neurons, we expressed GCaMP7a in the ventral hypothalamus (Hv), which is devoid of dopaminergic neurons, and we found that only a small fraction of neurons is tactile stimulus correlated (24.9% of 531 neurons; Figures S3K and S3L).
Mechanosensory-Evoked PT Dopaminergic Activity Is Tuned to Stimulus Intensity
Given that the far-projecting dopaminergic neurons behaved like sensory neurons, we investigated the tuning of the dopaminergic responses to stimulus speed (Ramp stimulus) and duration ( Step stimulus) and found that these neurons encode stimulus intensity in their calcium response magnitude. Far-projecting dopaminergic neurons prefer low stimulus speeds (41.7 mm/s) over high speeds (1,000 mm/s), while Hc/Hdm neurons do not show such a stimulus speed dependence (Figures 4D-4F and S4J-S4L). This dependence is strongest in the rostral far-projecting PTar (R 2 = 0.39, p < 0.001) and PTac (R 2 = 0.32) dopaminergic subgroups, which, furthermore, prefer long stimulus durations over short ones during
Step trials (R 2 s = 0.19 and 0.18, respectively, p < 0.01). The design of the Ramp stimuli with constant amplitude results in slow stimulus speeds having a longer stimulus duration time. Therefore, the tuning to slower stimulus speed may also entail tuning to longer stimulus duration.
In contrast, no such stimulus tuning was detected in Hc/Hdm dopaminergic neurons in locomotion-associated trials. However, there was a small but significant speed dependence for Ramp stimuli in Hdm and Hc neurons in locomotion-free trials. These neurons prefer high-speed stimuli, which is opposite to the preference of far-projecting dopaminergic neurons (Figures (legend continued on next page) 4F and S4L). We conclude that activity in rostral far-projecting posterior tubercular dopaminergic neurons is strongly tuned to the inverse of stimulus speed, while such tuning to slow speeds is not observed in Hc/Hdm dopaminergic neurons.
Mechanosensory-Evoked PT Dopaminergic Activity Is Modulated by Vigorous Tail Motion
In our mechanosensory stimulus paradigm, the evoked posterior tubercular dopaminergic activity was partially suppressed during trials with locomotion events (Figures 4D and S4J) , and we found that this modulation of posterior tubercular dopaminergic activity depended on the vigor of the locomotor response. While PTar and PTac responded less strongly to tactile stimuli during struggle and flip behavior (vigorous responses), the responses stayed high in trials with swim behavior (Figures 4G and S5A) . In Hdm and Hc, calcium responses to tactile stimuli were increased in flip and struggle trials, while swimming did not affect activity ( Figures 4I and S5C) .
To answer whether stimulus-evoked dopaminergic activity could be causally involved in triggering or modulating locomotor events in the same trial, we analyzed the temporal relationship of sensory stimuli, dopaminergic activity, and behavioral responses. Struggle behavior was evoked mostly during the rising phase of the Ramp stimulus and preceded the dopaminergic activity peak in all dopaminergic groups ( Figures 4J-4L , S4A, S4B, and S5D-S5F). On average, Hc/Hdm neurons start to respond much later than PTac/PTar neurons (2.4 s versus 0.9 s after stimulus onset; Figure 4N ). The relative time course of behavioral events and calcium activity indicate that struggle behavior may inhibit neuronal activity in PTar and PTac and suggests that stimulus-evoked dopaminergic activity does not modulate the stimulus-evoked locomotor event within the same trial. In support, we found that PTar response magnitudes and struggle onset time were correlated (Figures 4M and S5G-S5L): the later the struggle behavior starts, the stronger the PTar activity is. Such a correlation could be caused by a potential inhibitory influence of struggle on PTar mechanosensory-related activity. In summary, rostral far-projecting dopaminergic neuron activity is modulated negatively by behaviors associated with large-amplitude tail strokes (flip and struggle behavior), while, at the same time, activity in Hdm and Hc is increased. In contrast, regular swimming behavior has no significant influence on mechanosensory-evoked activity in diencephalic dopaminergic neurons, indicating that the locomotor modulation of tactile stimuli responses depends on the behavior pattern.
The Lateral Line Contributes to MechanosensoryEvoked Activity in PT Dopaminergic Neurons
The lateral line is a key sensory system in fish, responding both to external motion and self-generated motion. To test whether the mechanosensation-related activation of dopaminergic neurons is caused by input from the lateral line system, we ablated all hair cells of the lateral line by bathing animals in neomycin prior to tactile stimulation ( Figure 5A ). Ablated larvae still showed motor responses to tactile stimulation, and the response patterns were similar to those of non-treated larvae (Figures S6A and  S6B ; compare to Figures 4A and 4B) .
The dopaminergic neurons of hair-cell-ablated larvae still responded to tactile stimulation ( Figures 5B-5E, 5I, and 5J) . However, the dopaminergic activity evoked by the Ramp stimulus was significantly reduced in the far-projecting dopaminergic subgroups PTar, PTac, and PTp ( Figures 5C, 5D, 5J, and S6C) . In Hc and Hdm dopaminergic neurons, the stimulus-evoked activity was not affected by hair cell ablation ( Figures 5E, 5H-5J , S6E, and S6H). Furthermore, far-projecting dopaminergic neurons lost their tuning to the speed of the Ramp stimulus in haircell-ablated larvae (Figures 5F, 5G, and S6F). These findings indicate that mechanosensory dopaminergic activity partially depends on the lateral line and that the lateral line mediates the tuning to stimulus properties in far-projecting dopaminergic neurons. Thus, both the lateral line and other systems-potentially, sensory nerve fibers-contribute to mechanosensoryevoked dopaminergic activity.
Lack of Proprioceptive Feedback to Dopaminergic Neurons
To test whether there is a proprioceptive feedback that excites locally projecting Hc/Hdm dopaminergic neurons when the tail is moving, we paralyzed larvae with bungarotoxin. In most dopaminergic subgroups, the neural activity was similar to neural responses in non-paralyzed animals ( Figures 5I, 5K, and S6I-S6N) . Thus, dopaminergic activity is virtually independent of any proprioceptive feedback or tail-movement-induced sensation in both far-projecting and locally projecting dopaminergic groups, suggesting that Hc/Hdm dopaminergic activity is driven by other motor-related signals.
Specific Visual Stimuli Drive Activity in PTN Dopaminergic Neurons
Since mechanosensory stimulation activates far-projecting dopaminergic neurons, we wondered whether dopaminergic neurons are also responsive to other sensory modalities. We chose to test responsiveness to moving grated visual stimuli, since these stimuli have been described to elicit defined optomotor swimming responses [20] . We used translational forward (FW), backward (BW), and rotational stimuli (CW; Figure 6A ) and applied these stimuli for 2-5 min each, with longer interstimulus intervals two to three times per recording ( Figure 6B ). As expected, the visual stimulus evoked an increase in locomotor activity after onset of the stimulus (Figures 6C and 6D ). This increased activity level lasted for 5-10 s and was significant only for a fraction of the tested larvae (CW: 34.8%, n = 23; FW: 23.1%, n = 26; BW: 20%, n = 25). Since the responses were transient, the locomotor activity was not generally increased across the whole stimulus period ( Figure 6D ). We then analyzed the calcium responses during visual stimulation and found that many neurons responded transiently to the onset of visual stimulation (Figures 6F-6H and S7A-S7C) , which was expected, given the locomotor-related responses in dopaminergic neurons (Figures 2  and S7G-S7K ). When the whole stimulation period was considered, most dopaminergic subgroups did not show generally elevated calcium activity during visual stimulation ( Figure 6J) , with the exception of the hindbrain-projecting PTN subgroup. PTN dopaminergic activity is strongly driven by visual stimulation with forward-moving stripes ( Figures 6B, 6G, 6I , and 6J), while clockwise or backward-moving stripes only evoked smaller responses. Furthermore, the visual input is apparently integrated over a period of many seconds in PTN, since dopaminergic activity buildup and decrease is delayed relative to the onset and offset of the stimulus, respectively. To test how specific the observed activity patterns are for dopaminergic neurons, we investigated a diencephalic brain area devoid of dopaminergic neurons, the Hv area. In Hv, calcium activities were not elevated during CW or FW stimulation ( Figure S7D ).
Since mechanosensory posterior tubercular dopaminergic activity is suppressed during locomotion (Figure 4 ), we asked whether there is a potential inhibition of the visually evoked activity in PTN neurons by locomotion as well. To this end, we compared calcium responses during and after locomotor events in FW stimulation trials. Indeed, during FW stimulation, 7.5 to 12 s after locomotor event onset, the activity of PTN neurons was significantly reduced (ANOVA, p < 0.05; Figure 6E ). The delay of the increased calcium activity in PTN after FW onset may, therefore, in part, be explained by the increased locomotion rate after stimulus onset. In other dopaminergic subgroups, locomotor behavior did not suppress neural activity during the visual stimulus period (Figures S7G-S7K ). In summary, we identified visually responsive far-projecting dopaminergic neurons that react in a stimulus-specific manner to forward-moving stimuli, and these dopaminergic neurons are members of the hindbrain-projecting PTN subgroup.
DISCUSSION
The diencephalospinal A11-type dopaminergic system is the only source of dopamine in the hindbrain and spinal cord [4] and, together with the hypothalamic dopaminergic groups, is among the anatomically most conserved dopaminergic systems [21] . These dopaminergic systems have been linked to physiological roles [21] , as well as sensory-and motor-related behaviors [5, 6, [14] [15] [16] . To advance the functional understanding of specific dopaminergic groups, we analyzed their activity patterns in relation to defined sensory stimulation paradigms and occurring motor patterns in vivo in semi-restrained animals (Figures 7A and 7B ).
Diversity of Locomotor-Related Activity in Zebrafish Dopaminergic Neurons
We found dopaminergic subgroup-specific, synchronous activity patterns during spontaneous motor behavior. Among the A11-type dopaminergic neurons, PTar and PTac have preand more pronounced post-motor-correlated activity, while PTp shows predominantly post-motor-correlated activity. In contrast, the hypothalamic subgroups Hdm and Hc have almost exclusively post-motor-correlated activity, which outlasts posterior tubercular dopaminergic activity for several seconds. Dopamine contributes to the modulation of spinal motor networks [6] , consistent with motor-correlated neuronal activity in zebrafish far-projecting dopaminergic neurons observed in electrophysiological studies during fictive swimming episodes [15] . Previous studies indicated that far-projecting dopaminergic neurons suppress initiation of swim behavior through D2 receptor signaling [22] . However, when we imaged all dopaminergic neurons in the ventral diencephalon, posterior tubercular dopaminergic calcium activity was only weakly (anti)correlated with locomotor behavior (Figure 4D ), and much of it occurred after the onset of the locomotor event. Differences from previous work may be due to using real versus fictive locomotion. Further, measuring calcium signals as opposed to electrophysiology may also result in delayed activity detection (if calcium is not cleared from the cytoplasm soon after the burst) and small bursts or low activity levels being missed. An alternative interpretation for the postmotor-correlated activity of the far-projecting posterior tubercular dopaminergic neurons is that it may, indeed, be correlated to mechanosensation in the mounted larvae during locomotion, rather than locomotor activity itself. Motor-correlated activity patterns have previously been demonstrated for other neuronal types in the hypothalamus, and hypothalamic structures may elicit or modulate locomotor behavior, including escape response [23] and inhibition of exploratory food seeking [24] . The Hdm/Hc dopaminergic neurons also express GABA as a cotransmitter [25] , suggesting combined dopaminergic neuromodulatory and GABA inhibitory functions. Indeed, there is evidence for hypothalamic GABAergic action related to locomotion in mammals, specifically in control of defensive actions [26] , which may be related to struggle behavior in zebrafish. Thus, our finding of post-motor-correlated Hc/Hdm activities can be interpreted as contribution to the control of basic motor activity patterns, such as the inhibition of initiation of a second struggle, either directly or by altering the threshold for sensory-evoked behavior. Three recent studies suggest links between Hc activity and motor behavior, although the type of modulation differed in each study: there was an increased swimming rate upon activation of Hc neurons [27] ; Hc dopaminergic neurons may modulate VIIIth-nerve neurons and Mauthner cells to control C-start escape/startle behavior by dopaminergic projections into the hindbrain [16] ; and Hc neurons may act inhibitorily via glycinergic interneurons on the Mauthner cell-driven escape response [28] . In addition to the locomotor-related dopaminergic activity discussed above, a large fraction of dopaminergic neurons did not display activity correlated with locomotion, suggesting that these neurons may be involved in other functions or locomotor behavior not assayed in this study.
A11-Type Dopaminergic Activity Potentially Regulates the Sensitivity of Mechanosensation
Far-projecting posterior tubercular dopaminergic neurons respond to tactile stimuli with a preference for low-velocity stimuli, and the response is clearly tuned to decreasing stimulus velocity going along with longer stimuli. The velocity tuning is lateral line dependent, and, indeed, lateral line afferents have also been previously shown to express velocity-dependent neuronal activity in a similar velocity range [29] . However, the afferent lateral line firing rate increases with increasing stimulus velocity, suggesting that there is probably no direct input of the lateral line to the far-projecting dopaminergic neurons. In agreement with an indirect input to dopaminergic neurons, the projection targets of lateral line organs have been reported to be predominantly located in the hindbrain [30] .
Following lateral line ablation, mechanosensory-evoked dopaminergic activity was still observed, and the difference between responses to the Step and Ramp stimuli also persisted. Therefore, next to the lateral line system, another receptor system must contribute to mechanosensory dopaminergic activity, and the trigeminal sensory neurons are good candidates. They have free nerve endings innervating the head [31] , and neurons with fast and slow adaptation to stimulation have been distinguished. Indeed, in Xenopus larvae, two types of trigeminal neurons have been reported to respond to Step (''rapid-transient'') or Ramp (''movement detectors'') stimuli [32] . In teleost and other aquatic animals, trigeminal neurons with differential responses to Step-like and Ramp-like stimuli have also been reported [33, 34] . Similar to the lateral line ganglion, trigeminal axons also project to the hindbrain of the zebrafish [35] , suggesting that trigeminal and lateral line ganglia axons may converge onto hindbrain targets and, potentially indirectly, also target dopaminergic neurons. The far-projecting dopaminergic neurons also project to lateral line organs and lateral line ganglia [15, 30, 36, 37] . We observed that the dopaminergic response to tactile stimuli occurs typically after the rising phase of the stimulus, suggesting that the input into dopaminergic neurons may only occur after the reaction of the lateral line organ to the stimulus. Thus, the dopaminergic activity has a temporal profile that may allow it to act as a feedback signal onto sensory systems. Since the posterior tubercular dopaminergic activity is synchronous, potentially all neuromasts and all other efferent targets of posterior tubercular dopaminergic neurons would receive dopaminergic input, which could lead to a global modulation of the mechanosensory system. A recent study in zebrafish, indeed, showed that paracrine dopaminergic modulation of the lateral line in zebrafish larvae enhances the activity of presynaptic calcium channels, thereby increasing hair-cell neurotransmission [37] . Such an efferent system may potentially amplify mechanosensation, especially during moderate stimulation. If the modulation was inhibitory, it could also aid spatial resolution of stimuli by the lateral line system. If there was global inhibition, it could serve as a gain control mechanism that enhances the contrast between neuromasts that are more strongly stimulated and the ones that are less stimulated. Gain control by dopaminergic neurons is also known for dopaminergic groups in other sensory systems such as amacrine dopaminergic neurons in the retina [38] and olfactory bulb dopaminergic neurons [39] . Nevertheless, modulation of the motor circuits by the mechanosensory posterior tubercular dopaminergic system is also plausible, since farprojecting dopaminergic neurons also innervate hindbrain reticulospinal neurons and spinal cord motoneurons.
Trigeminal neurons may also be influenced by dopamine. Mammalian trigeminal neurons have dopaminergic innervation [40] , express D1 and D2 receptors [41] , and are inhibited by the A11 system in pain modulation [5, 42] . Therefore, a potential function of the far-projecting A11-type neurons may be a feedback-type regulation of the sensitivity of the whole mechanosensory system. Indeed, delayed reaction to mechanosensory stimulation was observed in dopaminergic cell-ablated larvae [43] . We observed the activity of far-projecting dopaminergic neurons to be strongest in response to weak stimuli and to be suppressed during vigorous behavior. Therefore, the dopaminergic activity may potentially be involved in the regulation of the sensitivity of the mechanosensory system during weak, non-dangerous stimuli and rest. In this context, this hypothesis is reminiscent of the association of the A11 dopaminergic system with Willis-Ekbom disease, which is characterized by spontaneous sensations, especially in rest and sleep periods [7] .
Visually Evoked Calcium Activity in HindbrainProjecting Dopaminergic Neurons We found that ventral diencephalic dopaminergic subgroups show transient responses to the onset of visual stimuli, which may be explained, in part, by an increased rate of locomotion after stimulus onset. However, PTN, the most caudal, far-projecting dopaminergic subgroup, is the only dopaminergic subgroup that shows sustained activity during visual stimulation with optic flow. Its response to visual grating stimuli that move from back to front was more than twice as large as its response to BW or CW stimuli. Such forward-grated stimuli correspond to natural situations in which the larva experiences a backward flow of water, which causes the larva to drift backward relative to the visual surround, and triggers an optomotor response during which the fish swims forward to stabilize its position [20] .
In contrast to other far-projecting dopaminergic subgroups, the descending projections of PTN are limited to hindbrain areas and, at larval stages, do not reach the spinal cord [10] . In the zebrafish, hindbrain neuron somata with activity correlated to eye motion and locomotion can be found, but only a small fraction is directly linked to visual stimulation [44, 45] . Other neurons reacting specifically to forward translational stimuli were found in the pretectum [46] , which could be a potential area providing input to the far-projecting PTN subgroup, since the hypothalamus is a major target of pretectal neurons in teleosts [47] . The hindbrain contains reticulospinal neurons, which control locomotion. Within the reticulospinal system, Mauthner cells are known to receive direct dopaminergic input [48] , and immunohistochemical tyrosine hydroxylase reactivity has been found in the vicinity of the nucleus of the medial longitudinal fasciculus (nMLF), as well as hindbrain reticulospinal neurons [49] .
Similar to our observation for mechanosensory-related dopaminergic activity, vision-related PTN dopaminergic activity also appears to be suppressed by locomotion. However, an involvement of PTN in regulating the sensitivity of the visual system-in analogy to our hypothesized feedback role of PTar and PTac for the mechanosensory system-appears unlikely, given that PTN does not project to retinorecipient brain areas. Alternatively, we speculate that PTN modulates the reticulospinal system during the optomotor response or during swimming in general.
These results-sensory roles of zebrafish posterior tubercular dopaminergic neurons-are consistent with the proposal that the evolutionary origin of these dopaminergic groups is linked to the sensory vesicle in ascidians and to the postulated periventricular proto-neuroendocrine and photoreceptive territory in chordate ancestors [21] .
Conclusions
Here, we identified the A11-type posterior tubercular dopaminergic system as an evolutionarily ancient, sensory-related dopaminergic system in which anatomically distinct subgroups stratify according to stimulus modalities, while specific subgroups also tune their activity levels to stimulus intensities. We (C) Ventral diencephalic anatomical dopaminergic subgroups in zebrafish and correlation to mammalian groups. Abbreviations: ''new'' refers to those used in this paper; old* refers to those used previously [11] . DA, dopaminergic.
have only investigated mechanosensory and visual stimuli as examples, but, given the importance of sensory information for A11-type dopaminergic activity, it is likely that other senses may also contribute. The synchronous activity within anatomical and functional subgroups suggests that the posterior tubercular dopaminergic system may have a global modulatory effect on sensory perception and activity states rather than regulating or selecting from a diverse array of specific behaviors. Similarly, the observation that the Hc/Hdm dopaminergic neurons have extensive post-motor activity periods extending beyond 10 s and are most active following vigorous locomotion, such as struggle, implicates that these dopaminergic neurons may control physiological states required following vigorous, highly energy-consuming activities. Both systems together, located adjacent in the hypothalamus, may contribute to coordinate sensation, physiology, and motor activity patterns in basic behavioral states such as rest, fight, or flight. Whether the human A11 system is also tuned to sensory stimuli-as we show here to be the case for zebrafish-is unknown. However, A11 activity has been linked to sensory modulation by inhibitory action on sensory afferents, which, when deficient, may contribute to Willis-Ekbom disease/restless legs syndrome [7, 8] . Furthermore, dopaminergic control of pain at spinal [42] and trigeminocervical levels [5] , as well as the substantial somatosensory abnormalities in Parkinson's disease [50] , suggests that similar mechanisms may be relevant in humans and that sensation across modalities might play a bigger role in A11 function than previously thought.
EXPERIMENTAL PROCEDURES
All animal procedures conformed to the institutional guidelines of the University of Freiburg and the local governments (Regierungspr€ asidium Freiburg). Transgenic lines Tg(UAS:GCaMP7a)zf415Tg [18] , Tg(th:Gal4-VP16)m1233 [17] , and Gt(gSA2Az-Gal4FF)nkgsa2azgff49aGt (for Hv control) [18] were used. Calcium imaging was performed using a two-photon microscope setup based on a MOM microscope (Sutter Instruments) [46] . Tactile stimuli were applied by a piezo-actuator-driven platinum wire (PI [Physik Instrumente]). Moving gratings were presented using four LED panels surrounding the animal [46] . For data analysis, custom MATLAB scripts were used. A detailed description of the methods is provided in the Supplemental Experimental Procedures. 
